We report on a Pt/Pd/Au metallization scheme for producing low-resistance ohmic contacts to moderately doped p-AlGaN:Mg (1.5ϫ10 17 cm Ϫ3 ). Annealed Pt/Pd/Au contact exhibits linear current-voltage characteristics, showing that a high-quality ohmic contact is formed. The Pt/Pd/Au contact exhibits a specific contact resistivity of 3.1ϫ10 Ϫ4 ⍀ cm 2 when annealed at 600°C for 1 min in a flowing N 2 atmosphere. Using Auger electron spectroscopy and x-ray photoelectron spectroscopy, a preliminary explanation for ohmic contact formation is described.
The fabrication of high-quality ohmic contacts on n-and p-type ͑Al,In͒ GaN is essential for improving the performance of optoelectronic devices, such as blue light-emitting diodes, metal-semiconductor field effect transistors, high electron mobility transistors ͑HEMTs͒, and laser diodes. [1] [2] [3] [4] In particular, to realize solid-state UV emitters for chembioagent detection and general lighting, the formation of reliable ohmic contact systems for both n-and p-AlGaN with relatively high Al contents are indispensable.
As for ohmic contacts to n-AlGaN, Ti-or Ta-based metallization schemes, such as Ti/Al, Ta/Ti/Al, Ti/Ta/Al, and Ti/ Al/͑Ti, Ni, Mo, and Pt͒/Au, have been widely investigated. In such metallization schemes, low specific contact resistivities ranging from ϳ10 Ϫ5 to ϳ10 Ϫ8 ⍀ cm 2 have been reported, and these are excellent for the operation of the electronic devices such as HEMTs and heterojunction bipolar transistors. [5] [6] [7] [8] However, ohmic contact formation to p-Al x Ga 1Ϫx N alloys has been difficult to realize. There are two main obstacles to developing device quality ohmic contacts to these materials. The first derives from the difficulty in growing high-quality p-AlGaN ͑having high carrier concentrations͒ with high Al contents. The second arises from the absence of metals having a work function larger than that of p-AlGaN. For this work, Al x Ga 1Ϫx N alloys (xϭ10.7%) were grown on sapphire using an AIXTRON AIX2000HT Planetary Reactor® system in 6ϫ2 in. configuration. Epitaxial growth was monitored by in situ reflectance using a reflectrometry system. Ammonia, trimethylgallium, trimethylaluminum, and bis͑cyclopentadienyl͒ magnesium were used as N, Ga, Al, and Mg sources, respectively. A low-temperature GaN nucleation layer, approximately 30 nm thick, was deposited at ϳ520°C, followed by an undoped GaN single crystal buffer layer, and the Mg-doped Al x Ga 1Ϫx N layer grown at 1090°C and 1040°C, respectively. The thickness of the undoped GaN and p-AlGaN layers were 0.8 m and 0.2 m, respectively. The typical background carrier concentration of undoped GaN is 7ϫ10 16 cm Ϫ3 . Depending on the ammonia purity and on layer thickness, background carrier concentrations as low as 5ϫ10 16 cm Ϫ3 and mobilities as high as 220 cm 2 /V s were achieved. The crystalline quality and Al composition of the AlGaN layer were determined by high-resolution x-ray diffraction.
The as-grown samples used in this study were then rapid-thermal annealed at 900°C for 10 min in a nitrogen ambient to activate Mg dopants. A carrier concentration of 1.5ϫ10 17 cm Ϫ3 and a mobility of 3.58 cm 2 /V s were obtained by room-temperature Hall measurements. For the measurement of contact resistivity on p-AlGaN, an active region was defined using inductively coupled plasma reactive ion etching in a BCl 3 /Cl 2 /Ar gas mixture. Rectangular transfer length model patterns were defined on electrically isolated mesa pads by the standard photolithographic technique. Prior to metal film deposition, the surface of the AlGaN was cleaned by being dipped in buffered hydrofluoric acid and blown dry in N 2 . The Pt ͑5 nm͒/Pd ͑5 nm͒/Au ͑10 nm͒ films were deposited on the AlGaN by electron-beam evaporation. Some of the samples were then rapid-thermal annealed at temperatures of 400, 500, and 600°C for 1 min in a N 2 ambient, respectively. Current-voltage (I -V) data were measured using a four-probe arrangement at room temperature. To characterize the extent of indiffusion between metal and AlGaN, Auger electron spectroscopy ͑AES͒ depth profiling ͑PHI 670 model͒ was performed with an electron beam of 10 keV and 0.0236 A. X-ray photoemission spectroscopy ͓͑XPS͒ PHI 5700 ESCA system͔ with Al K␣ line depth profile was performed. Figure 1 shows typical I -V characteristics of Pt/Pd/Au contacts on p-AlGaN as a function of annealing temperature, measured between pads with a spacing of 3 m. The asdeposited sample exhibited a rectifying I -V characteristic due to the large work function of p-AlGaN. However, the I -V behavior became increasingly linear as the annealing temperature increased. The sample annealed at 600°C shows a linear I -V characteristic, indicating the formation of ohmic contact. The contact resistance (R c ) and the sheet resistance (R s ) were determined from the intercept of the y axis and the slope of total resistance (R T ) versus pad spacing. Specific contact resistivity was calculated by c ϭR c 2 /R s . Measurement showed that the contact resistivity of the 600°C-annealed sample was 3.1ϫ10 Ϫ4 ⍀ cm 2 . The contact, however, became degraded when annealed at temperatures in excess of 600°C, showing that the optimum anneal temperature was 600°C. The electrical degradation of the samples annealed above 600°C could be due to severe interfacial reactions and surface degradation. interface regions of the samples. It is clearly shown that the Ga 2p core level from the interface region of the annealed sample shifts toward the low-binding energy side, compared to that from the as-deposited sample. In other words, the Ga 2p core level of the interface experienced a shift of about 0.6 eV, compared to that of the as-deposited one. This indicates that annealing causes the surface Fermi level to shift toward the valence-band edge.
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The annealing temperature dependence of the specific contact resistivity of the Pt/Pd/Au contacts on p-AlGaN may be explained in terms of the reduction of bend banding ͑and hence the reduction of the Schottky barrier height͒ due to the shift of the surface Fermi level toward the valence-band edge, as noted from the shift of the Ga 2p core level ͑Fig. 4͒. The shift of the surface Fermi level could be caused by an increase in carrier concentration near the GaN surface region. The AES results showed that annealing the contacts caused the occurrence of interfacial reactions between the metal scheme and AlGaN, resulting in the formation of Ptand Pd-related gallide phases. It was shown that Pd and Pt could react with GaN, and form Pd-and Pt-Ga-related compound phases, 12, 13 This is in good agreement with the results previously reported by Mohney et al. 14 who showed that the Pt-and Pd-gallides are particularly stable among the group-III metal gallides, since these metals are thermodynamically favored to react with gallium in GaN. The formation of either Pd-or Pt-gallides at the interface region indicates the outdiffusion of Ga from the AlGaN and hence the generation of Ga vacancies near the surface region of AlGaN. These Ga vacancies are known to serve as acceptors in p-AlGaN. 15, 16 The annealing-induced improvement of the I -V characteristics of the Pt/Pd/Au contacts could be attributed to the formation of gallides and as well as an increase in the contact areas between the metal scheme and AlGaN. A similar annealing-induced improvement of electrical properties was also observed in the Pt/Ni/Au and Pt/Au contacts on p-GaN. 12, 13 To summarize, we have investigated the Pt/Pd/Au metallization scheme for the formation of ohmic contacts on moderately doped p-Al 0.11 Ga 0.89 N:Mg (1.5ϫ10 17 cm Ϫ3 ). It was shown that the electrical properties of the Pt/Pd/Au contacts improved with an increase in annealing temperature. In particular, the contact produced a very low specific contact resistivity, 3.1ϫ10 Ϫ4 ⍀ cm 2 , when annealed at 600°C for 1 min.
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